Abstract: Striga gesnerioides is a root hemiparasite that primarily parasitizes dicotyledonous species, including cowpea (Vigna unguiculata L.) and other legumes. Based on the differential resistance response of various cultivars, landraces, and breeding lines, it has been proposed that several distinct races of cowpea-parasitic S. gesnerioides exist in West Africa. In this study, we used amplified fragment length polymorphism profile analysis to examine the genetic variability within and among populations of cowpea-parasitic S. gesnerioides within the suspected distribution range of a particular race, and statistical clustering methods to define the phenetic relationships of the various races in West Africa. Our data indicate that genetic variability within and among populations of each of the previously recognized races of cowpea-parasitic S. gesnerioides is extremely low. On the basis of genotypic profile and host differential resistance responses, 2 previously unknown races were identified. Of the 7 races now identifiable, races SG1 (from Burkina Faso) and SG5 (from Cameroon) are the most closely related, and SG4 (from Benin) and SG3 (from Niger/Nigeria) are the most divergent. SG6, a new race of the parasite identified in Senegal, was found to be the most genetically similar to SG4 from Benin. We also demonstrate that a hypervirulent isolate of the S. gesnerioides from Zakpota, in the Republic of Benin, is genotypically distinct from other populations of SG4, thereby warranting designation as a separate race, which we called SG4z. To further support our race classification scheme, we identified a group of molecular markers that effectively discriminate each of the various races. Finally, we show that an isolate (designated SG4i) of the wild legume Indigofera hirsuta-parasitic S. gesnerioides is genetically distinct and significantly diverged from the various races of cowpea-parasitic S. gesnerioides. Our data suggest that both geographic isolation and host-driven selection are critical factors defining race formation in S. gesnerioides in West Africa.
Introduction
Members of the genus Striga (Scrophulariaceae) are root hemiparasites that attack many of the world's most important cereals and legumes, and are a major biotic constraint to crop productivity in sub-Saharan Africa, India, and Southeast Asia (Parker and Riches 1993; Butler 1995) . At present, more than two thirds of the 73 million hectares of farmland under cultivation with cereals and legumes in Africa are infested with 1 or more Striga species, affecting the livelihoods of 100 million farmers in 25 countries (Lagoke et al. 1991; Ransom 2000; Verkleij and Kuiper 2000) . Striga spp. fall into 2 main groups, based on their host preference (Pieterse 1985; Mohamed et al. 2001) . The first group contains Striga hermonthica, S. aspera, and S. asiatica. This group parasitizes primarily members of the Poaceae family, including important food and forage grains (corn, sorghum, rice, and millet). The second group contains S. gesnerioides, the most widely distributed of the witchweeds. Isolates of S. gesnerioides from various locations are distinguishable by size, stem succulence, internode length, and flower color (Musselman 1980; Musselman et al. 1982; Mohamed 1994; Mohamed et al. 2001) . However, the morphological differences observed among isolates are not sufficient to justify their classification as different species or subspecies at this time (Mohamed et al. 2001) .
There is considerable variation in host specificity among races of S. gesnerioides, and different host species vary in their susceptibility to different isolates of the parasite (Lane et al. 1996) . Among the known hosts of S. gesnerioides are the cowpea (Vigna unguiculata L.), the most important grain legume crop grown in the semi-arid regions of West and Central Africa (Fery 1990 ); members of the wild legume genera Alysicarpus, Indigofera, and Tephrosia; and nonlegumes, such as Ipomea, Jaquemontia, Merremia, Euphorbia, and Nicotiana (Mohamed et al. 2001) . Host-plant resistance breeding was thought to have made a major stride in 1981, when 2 cultivars (58-57 and Suvita-2) were found to be completely resistant to S. gesnerioides in Burkina Faso (IITA 1982 (IITA , 1983 . However, regional trials revealed that these cultivars were susceptible to Striga in Niger and Nigeria, suggesting strain variation in S. gesnerioides (Aggarwal 1985) . Subsequently, in the early 1990s, another cowpea cultivar, B301, thought to be resistant to S. gesnerioides throughout West Africa, was found to be heavily parasitized when grown in field plots in Zakpota, located in the southern part of the Republic of Benin (Lane et al. 1993b) . Subsequent evaluation of differential host-resistance responses, using a variety of different cowpea cultivars and breeding lines, led Lane et al. (1996) to propose that 5 distinct races of S. gesnerioides exist in West and Central Africa. The genetic variability and phenetic relationships of these races has never been evaluated.
To date, no cowpea variety/cultivar has been identified that is naturally resistant to all 5 races of S. gesnerioides. However, work by breeders at the International Institute of Tropical Agriculture (IITA) in Nigeria has generated a number of breeding lines that appear to be resistant at all locations tested in West and Central Africa, including Zakpota (Carsky et al. 2003) .
Two mechanisms of resistance to S. gesnerioides have been described on the basis of the response of cowpea cultivars 58-57, IT81D-994, and B301 to attempted parasitism (Lane et al. 1993a; Lane et al. 1993b) . In 57-58, necrosis at the site of parasite attachment was observed in Strigainfected roots, with the subsequent rapid death of the parasite. This response is similar to the hypersensitive response seen in other incompatible host-pathogen interactions. In B301 and IT81D-994, resistance to S. gesnerioides was not as dramatic; the parasite formed small tubercles capable of very limited stem growth (on B301) or of failure to expand their cotyledons (IT81D-994). In these same studies, the host-resistance response was found to depend on the race of S. gesnerioides used. Doggett (1952) was the first to suggest the possible existence of physiological strains of Striga, based on his observations that sorghum varieties resistant to S. hermonthica at one location in East Africa were susceptible at another location. Bharatalakshmi and Jayachandra (1979) observed significant differences in parasitism between 2 sympatric populations of S. asiatica growing on sorghum at different locations in India, and reported marked racial differentiation with respect to seed-germination responses, phenolic content, and total seed protein electrophoretic profiles. Analysis of 2 enzyme systems (ADH and GOT) in 14 populations of S. hermonthica growing on sorghum, millet, corn, and several wild grasses in 3 West African countries revealed low genetic divergence among populations growing on different hosts, leading Olivier et al. (1998) to conclude that physiological specialization for a particular host was a recent phenomenon. Analysis of isoenzymes and random amplified polymorphic DNA profiles of S. hermonthica from East and West Africa revealed significant geographical differentiation among populations; individuals collected at various sites in West Africa were more closely related to each other than they were to individuals collected in East Africa (Koyama 2000) . This study also provided evidence for strong host varietal specificity by 4 of the S. hermonthica populations tested. However, no specific molecular markers were identified that correlated with host varietal preference. An analysis of genetic variability within and among yellow-and redflowered morphotypes of S. asiatica, using amplified fragment length polymorphorphism (AFLP) profile analysis carried out by Botanga et al. (2002) , revealed significant intra-and interpopulation genetic distances, suggesting that each population could be considered and treated as a separate ecotype. They concluded that, from a breeder's perspective, the existence of such variability poses an enormous challenge in the development of widely useful cultivars. Recently, Gethi et al. (2005) used AFLP analysis to study genetic diversity among populations of S. asiatica and S. hermonthica in Kenya. These researchers observed a relatively uniform low level of genetic diversity among the 17 populations of S. asiatica and the 24 populations of S. hermonthica studied, and found no evidence of isolation by distance for the 2 species. The S. asiatica populations sampled in Kenya formed only 2 clades; no apparent clustering or phenetic structure were evident for the S. hermonthica populations.
In this study, we examine the genetic variability within and among populations of the various races of cowpeaparasitic S. gesnerioides and define the phenetic relation-ships among these races. We show, using AFLP profile analysis, that it is possible to distinguish individuals from each race and to identify specific molecular markers that assist in such differentiation. We identify 2 new races of the parasite, on the basis of genomic profile and the differential ability of these races to parasitize specific host cultivars. Our results are discussed in terms of the potential for successful selection and breeding of cowpea cultivars with multigenic sustainable resistance to S. gesnerioides.
Materials and methods

Field collection of plant materials
S. gesnerioides plant materials and seeds were collected during the 2001 and 2002 growing seasons in various locations throughout West Africa (Table 1) . Seed-bearing shoots of 35 to 66 individual S. gesnerioides plants were collected separately at all locations, with the exception of isolates from Senegal, where seeds were collected in bulk (kindly provided by Dr. Moctar Wade, CNRA, Senegal). Whenever possible, the geographic coordinates of each collection site were obtained using the Scout GPS ST global positioning system. Each collection site is designated by the name of the nearest town or village. Samples were collected at random at each location, with preference being given to plants with a large number of mature intact seed capsules. The distance between collection sites was at least 12 km. In all cases, the parasite was found growing on either the cowpea (V. unguiculata L.) or the wild legume Indigofera hirsuta.
Growth of S. gesnerioides in the laboratory and collection of plant materials
To evaluate host-parasite interactions, pot trials were performed under laboratory conditions at the University of Virginia in Charlottesville, Va. (APHIS Plant Protection and Quarantine Permit No. 70902-P), as follows. Capsules from each individual S. gesnerioides plant collected in the field were threshed to obtain seeds used for pot infestation. Prior to use, field-collected seeds were given an after-ripening period of 3 months. Plastic pots (15 cm diameter), containing a 70:30 mixture of sand and Metro-Mix 250 (Scotts-Sierra Horticultural Product Company, Marysville, Ohio), were infested with Striga seeds, approximately 5 cm deep, and planted with 3 cowpea seeds per pot. The Blackeye cowpea cultivar was used for these experiments because it is susceptible to all known races of S. gesnerioides in West Africa. The soil was watered 3 or 4 times per week to keep it moist. At 8 weeks post set-up, emerged S. gesnerioides plants were individually collected, placed into polyethylene bags, quickly frozen in liquid nitrogen, and stored at -80 8C until used for DNA extraction. First-generation siblings were not evaluated because only 1 emerged S. gesnerioides plant per pot was sampled, except in the case of the material collected in Senegal and in the pilot experiment described below. Because the seed material was collected in bulk from populations in Senegal, approximately 200 seeds from each isolate (collection site) were used to infest pots containing cowpea seedlings, and each site was replicated 4 times.
In addition to the plant and seed materials described above, S. gesnerioides seeds, collected by Dr. J. A. Lane (kindly provided by the IARC, Long Aston, UK) from the originally described 5 races of S. gesnerioides in West Africa (Lane et al. 1996) , were also analyzed. These seeds were used in a pilot study with an experimental set-up similar to that described above, except that approximately 200 seeds from each isolate were used to infest pots and each set-up was replicated 4 times.
Differential host evaluation of Senegal isolates
Approximately 500 S. gesnerioides seeds from each of the 6 isolates from Senegal (Table 1) were used to infest pots containing soil mixture under the conditions described above, in 3 replications. Each replication was planted with 3 seeds from each of the following 7 cowpea cultivars/ breeding lines: UVA-UCR1115, B301, Suvita-2, IT82D-849, IT81D-994, IT93K-693-2, and TVX-3236. Emerged S. gesnerioides plants were counted at 6-, 8-, and 10-weeks postinfestation. To evaluate for attachment and for the mechanism of resistance, destructive sampling was carried out at 10 weeks by removing the plant/soil mass from each pot, immersing it in a bucket of water, and then agitating gently so that the soil mass was loosened. The roots were then washed free of soil, and portions were examined under a dissecting microscope for necrotic hypersensitive lesions, Striga attachment, and small tubercles.
DNA extraction and AFLP analyses
Plant tissue was removed from the -80 8C freezer and kept frozen in liquid nitrogen. Individual S. gesnerioides samples were placed in 1.5 mL Eppendorf tubes, freezedried in liquid nitrogen, and then crushed into fine powder, using an Eppendorf pestle. Total genomic DNA was then extracted from a total of 600 individual S. gesnerioides plants, using the cetyl trimethyl ammonium bromide (CTAB) method described by Van Gysel et al. (1998) , with minor modifications (Botanga and Timko 2005) . The recovered DNA was pelleted, resuspended in 250 mL TE buffer (pH 8.0), and stored at 4 8C until used for AFLP analysis.
AFLP analysis was performed essentially as described by Vos et al. (1995) . In a pilot experiment, 100 ng of total genomic DNA from 100 individual S. gesnerioides plants was digested, in accordance with the procedures described in the AFLP Analysis System I AFLP Starter Primer Kit (Gibco-BRL, Gaithersburg, Maryland), with some modifications. Pair-wise combinations of [g -32 P]-ATP (PerkinElmer Inc., Boston, Mass.) -labeled EcoRI and MseI primers with 3 selective nucleotides (designated E for EcoRI and M for MseI) were used to evaluate for polymorphisms and define racespecific markers for 20 individuals from each of the 5 races of S. gesnerioides. The primer combinations used and their selective nucleotides were E-ACC + M-CAT, E-AGG + M-CAC, E-ACG + M-CAT, E-AGG + M-CAT, and E-AGA + M-CAC.
Subsequently, AFLP analysis was carried out on 24 isolates (20 individuals per isolate) of S. gesnerioides from West Africa (Table 1 ) using the LI-COR IR 2 DNA Analyzer (Global Edition, Lincoln, Nebr.), in accordance with the methodology described in the IRDye Flourescent AFLP Kit for Large Plant Genomic Analysis. A total of 19 EcoRI and MseI primer combinations were used:
, and E-ACT + M-CGC. The E-primers were labeled with either IRDye 700 or IRDye 800 at the 5' end. All dye-labeled E-primers and gel matrix were purchased from LI-COR Biosciences (Lincoln, Nebr.); M-primers were custom synthesized by a commercial vendor (Sigma, St. Louis, Mo.).
Statistical analysis and determination of genetic distances and phenetic relationships
Gel images were imported from the IR 2 Global Controller into SAGA MX , version 3.0, for automated scoring. Each imported gel was scored for the presence (+) and absence (-) of bands. Genetic distances were estimated using PAUP (Swofford 1999) , version 4.0b10, and pairwise comparison was applied as described by Nei and Li (1979) , with the formula Gdxy = 1-[2Nxy/(Nx + Ny)], where Nxy is the number of fragments shared between individuals x and y, and Nx and Ny are the total number of fragments scored in x and y, respectively. To establish the phenetic relationships within and among S. gesnerioides isolates (20 individuals per isolate) and races, AFLP data were subjected to a sequential clustering algorithm with the unweighted pair-group method using arithmetic means (UPGMA) (Sneath and Sokal 1973) . The among-isolate relationship was established by pooling the fingerprints of all 20 S. gesnerioides individuals for each isolate, and then subjecting the pooled dataset to UPGMA analysis. Similarly, to define the phenetic relationship among the different races of S. gesnerioides, data from all isolates representative of each race were pooled, and the resulting pooled data were subjected to UPGMA analysis. The relationships are presented in dendrograms and the reliability of each cluster was confirmed by bootstrap analysis (Efron and Gong 1983) with 100 (plant-to-plant relationship) or 1000 (among-isolate relationship) replications, using PAUP.
Results
Phenetic relationships among races of S. gesnerioides
We previously defined the term ''race,'' as it pertains to Striga-host interactions, in the following manner. For the purpose of our analysis, a race is defined as a host-speciesspecific variant of S. gesnerioides, distinguishable genetically and by its demonstrated differential capacity to parasitize different cultivars of the same host species (Botanga and Timko 2005) . Based solely on the differential resistance response of host cultivars, Lane and colleagues (Lane et al. 1993a) proposed that multiple races of cowpeaparasitic S. gesnerioides exist in West Africa. The extent of the genetic differentiation that exists among races of S. gesnerioides and the evolutionary relationships that exist among 
Cultivars of V. unguiculata are variable. different races has not been previously evaluated. Therefore, we used AFLP profile analyses to determine the level of genetic diversity that exists within and among populations of cowpea-parasitic S. gesnerioides, using the initial definitions and geographic distributions of S. gesnerioides defined by Lane et al. (1993a) as our starting point. AFLP profiles were generated for 20 individual plants from 24 distinct populations of S. gesnerioides collected across West Africa, using 19 EcoRI and MseI selective primer combinations. A total of 1046 fragments were generated after gel electrophoresis. The selective primer combination of E-AAG+M-CAA yielded the highest number of scorable fragments (n = 88), and E-ATC+M-CTT generated the fewest number of fragments (n = 23).
In almost all cases, little or no intrapopulation genetic variability was observed among individuals within each of the S. gesnerioides populations found parasitizing the cowpea in the field, and more than 98% of all scorable markers were monomorphic among individuals (Fig. 1) . Comparisons of AFLP profiles of individuals from different populations of a given race of S. gesnerioides parasitizing the cowpea revealed that little interpopulation variability exists within the races. As a result, populations from each of the previously identified races (i.e., SG1 through SG5) formed separate clades. An analysis of the relationship among races (Table 2) revealed that race SG1 (from Burkina Faso) and race SG5 (from Cameroon) are most closely related, with a pairwise genetic distance (GD) of 0.037. Races SG2 and SG3 are the next closest grouping (GD = 0.042). Based on its genetic profile and host-resistance responses (discussed below), the populations of cowpea-parasitic S. gesnerioides in Senegal constitute a novel 6th race of the parasite not previously described, which we designated as SG6. Among the S. gesnerioides races evaluated, the largest genetic distances were consistently observed between SG4 (from Benin) and the other races; SG6 was the most closely related to SG4 (GD = 0.058).
In all but 2 cases, the races were monophyletic (Fig. 2) . Those showing more complex structure are SG4 and SG3. In the case of SG4, the populations separated into 2 distinct minor clades. One clade contains the population from Zakpota (SG4z) and the other contains populations from Boichon, Avogana, and Agonkame. Previous investigators (Lane et al. 1993a; Carsky et al. 2003) have reported that SG4z is very different in its virulence from all other S. gesnerioides populations in Benin and elsewhere in West Africa. Consistent with the phylogenetic separation of SG4z from other populations of SG4 from Benin, we repeatedly observed that the cowpea cultivar B301 is resistant to SG4 from Boichon, Avogana, and Agonkame, but highly susceptible to SG4z in laboratory pot trials (data not shown).
SG3, primarily found in Nigeria and Niger, also showed relatively more variability; whereas the Koha population (KohaSG3) could easily be distinguished from the other SG3 populations by its molecular profile (Fig. 2) . No such variability was found among populations from Burkina Faso (SG1), Cameroon (SG5), or Senegal (SG6).
Genetic differences exist among isolates with different host preferences
In the field, S. gesnerioides is among the most variable of the witchweeds with respect to its host range (Mohamed et al. 2001) . To determine the extent to which isolates of S. gesnerioides parasitizing different host species are genetically stratified, we compared the AFLP profiles of individuals from populations of S. gesnerioides growing on cowpea (SG4z, SG4) with those found parasitizing the wild legume I. hirsuta (SG4i) in farmer's fields in contiguous areas in the Republic of Benin. As shown in Figs. 3A and 3B, isolates of I. hirsuta-parasitic S. gesnerioides are readily distinguishable, on the basis of their AFLP profiles, from those parasitizing cowpea. Interestingly, a relatively higher level of intrapopulation variability was found among individuals within the SG4i population than among the SG4 populations growing on cowpea. In fact, all 19 EcoRI and MseI selective primer combinations used in these analyses readily produced at least 1 polymorphic fragment capable of distinguishing Striga isolates growing on Indigofera from those growing on cowpea (Fig. 3A) . This is also reflected in the relatively high pairwise genetic distances between this isolate (SG4i) and each of the isolates that were parasitic on cowpea (Table 3) .
Further evidence supporting the designation of SG4i as a separate strain comes from an analysis of host differential responses. A total of 38 individual S. gesnerioides plants were collected growing on I. hirsuta in the field. Of these 38 individuals, seeds collected from only 2 individuals were subsequently found to be capable of parasitizing the Blackeye cowpea cultivar , known to be susceptible to all other races (e.g., SG1, SG2, SG3, etc.) of the parasite investigated in this study.
Host response to SG6 parasitism
Using various cowpea genotypes known to be either resistant (cultivars/breeding lines B301, Suvita-2, IT82D-849, IT81D-994, and IT93K-693-2) or (susceptible UVA-UCR1115 and TVX-3236) to races SG1 through SG5, we evaluated the response of various populations of SG6, collected in Senegal, in pot trials in the laboratory (Table 4) . At 10 weeks postinfestation, cowpea cultivars B301, Suvita-2, and IT93k-693-2 showed no indication of being successfully parasitized by seedlings from any of the 4 SG6 populations tested. However, there was interaction between 1 of the S. gesnerioides populations (Ngalbane) with IT82D-849 and IT81D-994. The interaction was identical in both cowpea lines, and in each case tubercles were formed after a successful attachment of the parasite to the cowpea root. In both host-parasite interactions, the tubercle was very small with a very limited stem growth (data not shown).
Race-specific molecular markers
Seven selective primer combinations were found that could be used to generate polymorphic fragments capable of distinguishing the different races of cowpea-parasitic S. gesnerioides (Table 5 ). The selective primer combination E-AGG + M-CAC was the most effective of the primer combi- Fig. 2 . Dendrogram showing the phenetic relationships among different isolates of Vigna unguiculata-parasitic and Indigofera hirsutaparasitic S. gesnerioides from West Africa. The dendrogram was generated using the sequential clustering algorithm with the unweighted pair-group method using arithmetic means (UPGMA). Bootstrap values are indicated at each branch node. Isolates of the parasites are designated by the location name, given in Table 1 , and the S. gesnerioides (SG) race to which it is ascribed (e.g., AgonkameSG4 represents the Agonkame isolate of SG4, PahouSG4i represents the Pahou isolate parasitizing I. hirsuta in Benin). The isolate LA 90-11 representing SG2 was collected from Mali and obtained from the IARC (Long Ashton, UK).
nations tested. This combination generated a 120 bp fragment that is present in SG4 (from Benin) and SG5 (from Cameroon) genomes but absent in the genomes of SG1 (from Burkina Faso) individuals; fragments of 110 bp and 250 bp present in the SG4 genome, but absent in both SG1 and SG5 ( Fig. 1; Table 5 ); and fragments of 550 bp, 520 bp, and 470 bp present in SG3 genomes (from Nigeria/Niger) but absent in SG2 genomes (from Mali). The selective primer combination E-ACA + M-CAC generates a 135 bp fragment that effectively discriminates SG4z (Zakpota) from all other SG4 isolates (from Benin), and a 460 bp fragment that is present in SG6 but absent in all SG4 genomes (Table 5) . Furthermore, the selective primer combination E-ACT + M-CAG generated 145 bp and 200 bp markers present in SG6 isolates but absent in SG4 isolates.
Discussion
Before this study, no assessment of the genetic variability existing within and among populations of S. gesnerioides endemic to West Africa had been undertaken, and no infor- Table 1 (e.g., 1SG4bioc represents individual 1 from the SG4 Boichon isolate). Table 3 . Nei and Li (1979) pairwise genetic distances between isolates of S. generioides from West Africa.
Fig. 3. (concluded).
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mation on the genetic relatedness of the various races of the parasite present in this region was available. Based on genomic polymorphisms and the differential ability to parasitize specific host species, our data clearly support the existence of multiple races of cowpea-parasitic S. gesnerioides, and the existence of genetically distinct host-species-specific strains of the parasite. Although providing clear support for race delineation, AFLP profile analysis revealed only extremely low levels of intra-and interpopulation genetic variability existing within and among isolates of cowpeaparasitic S. gesnerioides in West Africa. The extremely low levels of intrapopulation genetic variability observed in our study can most easily be explained by the fact that S. gesnerioides is autogamous. Flowers of S. gesnerioides form a pollen plug (rather than a powdery pollen), precluding pollen dispersal and preventing any substantial level of outcrossing. Thus, even minor genetic variation would be fixed rapidly and once established population genetic structure would be difficult to alter. The low level of interpopulation variability observed within the various races of S. gesnerioides is somewhat surprising, especially given the wide geographic range covered by some of the races. For example, SG3, which is spread throughout Nigeria, Niger, and parts of Benin and Mali, showed only limited genetic differentiation among populations; only the Koha population was discernibly distinct. In all the other races, no significant interpopulation genetic variability was found, except in SG4. In SG4, all populations of the parasite collected throughout the Republic of Benin are virtually identical, with the exception of SG4z, which appears to be the result of a recent genetic mutation event (see below). Thus, our data suggest that geographic isolation does not contribute significantly to population structure within races, or to race formation in S. gesner- 
Note: S, susceptible; R, resistant; nt, not tested; data from this study, Lane et al. (1996) , and Singh and Emechebe (1997) . Table 5 . EcoRI and MseI selective primer combinations defining race-specific molecular markers for different races of S. gesnerioides from West Africa. AFLP profiles were generated using radio-labeled and dye-labeled EcoRI selective primer. ioides. This is in contrast to what has been observed in a related species, where a correlation was found between genetic and geographic distance in populations of S. asiatica from Benin (Botanga et al. 2002) . Our results are similar to the findings of a recent AFLPbased study of the intra-and interpopulation diversity of 2 related species, S. hermonthica and S. asiatica, in Kenya, where little evidence of genetic structure within populations has been observed and little genetic differentiation is discernable among populations of the parasite spread over a wide geographic range (Gethi et al. 2005) . Like S. gesnerioides, S. asiatica is autogamous and, as noted by Gethi et al. (2005) , S. asiatica is a recent introduction in Kenya. Therefore, the lack of population structure more likely reflects insufficient time for population differentiation to have occurred. In contrast, the observed lack of population structure was more unexpected for S. hermonthica, which is allogamous and an obligate outcrossing species.
Despite the low levels of genetic variability observed, it was still possible for us to differentiate 7 distinct races of S. gesnerioides in West Africa. In addition, we demonstrated that host preference leads to a stratification of genotypes among S. gesnerioides, with both cowpea-and I. hirsutaadapted individuals readily identifiable with our experimental approach. The stratification of S. gesnerioides by host preference in West Africa is consistent with our previous studies, which showed that Indigofera-parasitic S. gesnerioides in Florida is distinct from cowpea-parasitic S. gesnerioides (Botanga and Timko 2005) . As evidenced by the low genetic distance values, there is a high degree of relatedness among the various races of cowpea-parasitic S. gesnerioides in West Africa, suggesting that race formation was likely a relatively recent event. It is worth noting that, despite their high degree of relatedness, we did not observe any individuals or populations that did not cluster with other members of their respective race. Based on the high multiplex ratio (the number of bands generated per reaction) achieved with the AFLP technique, the use of 19 EcoRI and MseI selective primer combinations in our study was at least 3 times in excess of what was required to accurately evaluate the phenetic relationships within and among the different isolates of S. gesnerioides. In addition, there was no significant difference between dendrograms generated using datasets from the 19 primer combinations and those generated using datasets from the 6 primer combinations. Lane et al. (1996) initially proposed the existence of 5 distinct geographically overlapping races of cowpeaparasitic S. gesnerioides in West Africa, solely on the basis of the resistance response of 4 different cowpea cultivars to parasitism by different isolates of the parasite. Our results, although generally consistent with that report, indicate that the number of races, their distribution, and their relatedness are much more complex than anticipated. There is now substantial evidence showing that more than 1 race of S. gesnerioides likely exists in Burkina Faso and Nigeria, on the basis of differential host evaluation and (or) the breakdown in resistance of cultivars known to be resistant in other locations in these countries (Ouédraogo et al. 2001; Ouédraogo et al. 2002; J. Ouédraogo 2006, personal communication) . Second, we demonstrate that the areas of West Africa where initial assessments of the parasite were not carried out, such as Senegal, contain distinct races defined by genetic profile and host differential response. SG6 is readily separated from its closest neighbor, SG4, by at least 3 race-specific markers. This new race appears to be the least virulent of all the S. gesnerioides races described thus far; it failed to parasitize any of the resistant cultivars tested, each of which is known to be susceptible to at least 1 of the other races of the parasite. Lane et al. (1993b) were the first to report the existence of a hypervirulent isolate of S. gennerioides in Benin, and showed that the cowpea cultivar B301, thought to be broadly resistant, was highly susceptible to S. gesnerioides in Zakpota. Based on our AFLP profile analysis, it is clear that the S. gesnerioides from within Benin constitutes an identifiable race (SG4), of which SG4z (the population in Zakpota) is a new variant that probably arose as a result of a mutation in the Avr gene, corresponding to SG4 resistance in B301. That the evolution of SG4z is a recent event is evidenced by the fact that, although there is a substantial difference in the susceptibility of B301 to the Zakpota isolate (SG4z) and all the other populations of SG4 in Benin, the use of 19 different selective primer combinations was able to identify a single 135-bp fragment polymorphic between SG4z and all the other populations in Benin. A lack of strong correlation between virulence and species-specific markers has previously been noted. Although they could readily resolve species-specific AFLP markers, Semblat et al. (1999) found no correlation between virulence and AFLP markers for any of the 3 species of the parasitic rootknot nematodes evaluated.
How frequently new variants of the parasite arise and what factors contribute to the formation of new races of S. gesernoides are not completely understood. Host-driven selection likely plays a key role. No single local variety or cultivar has yet been identified that is naturally resistant to all races of S. gesnerioides (Gworgwor and Weber 1991; Lane et al. 1993b; Moore et al. 1995 , Lane et al. 1996 Toure et al. 1998; Carsky et al. 2003) , although IT93K-693-2, an advanced breeding line resistant to all races of S. gesnerioides tested thus far, including SG4z, has been developed (Singh 2002) . The repeated planting of preferred local varieties with a limited genetic base creates an ideal platform for the host-driven selection of new forms of the pathogen to overcome any resistance present. Such is likely the case in Zakpota, where SG4 resistance in B301 was overcome shortly after its introduction. This scenario argues in favor of a gene-for-gene type of resistance mechanism in parasitic plant-plant associations, similar to those observed in other plant-pathogen interactions (Flor 1965 (Flor , 1971 . Work is currently underway to evaluate such a possibility by studying the mode of inheritance of the Avr gene in crosses of SG4z and SG4.
The formation of new variants of S. gesnerioides capable of parasitizing the cowpea could equally arise by host shift. In our studies, we observed that only 2 of the 38 individual S. gesnerioides plants from the SG4i population were able to successfully complete their lifecycle on the Blackeye cowpea cultivar. Although Blackeye is susceptible to all races of S. gesnerioides known to parasitize the cowpea, its ability to support the growth of strains of the parasite found growing on wild legumes (in this case I. hirsuta) has not been previously reported. Although the initial number of SG4i seedlings reaching maturity on Blackeye was relatively small in our pot trials (27 individuals from 2 field-collected plants), given the prolific production of seeds by the parasite, this population would be expected to grow in subsequent generations. How rapidly adaptation to a new host can occur within S. gesnerioides or any of the witchweeds is not known.
There are several reports in the literature in which hostdriven selection has been implicated in race formation in different species, especially in insects (Bush 1994; Sembène and Delobel 1998; Groman and Pellmyr 2000; Via et al. 2000; reviewed in Drès and Mallet 2002) . The formation of 3 genetic races in the parasitic plant Viscum album L. has been attributed to host-driven selection (Zuber and Widmer 2000) , and more recently, Jerome and Ford (2002) showed that, in the parasitic angiosperm dwarf mistletoe (Arceuthobium americanun), there are 3 genetic races, the formation of which is largely the result of host-driven selection. In another study, we observed that S. gesnerioides from the United States has been isolated from its West African counterparts long enough that it is no longer able to successfully parasitize V. unguiculata (Botanga and Timko 2005) .
The level at which host-driven selection occurs remains to be determined. Berner and Williams (1998) reported significant variation in the ability of different hosts and nonhost genotypes to stimulate the germination of S. gesnerioides. In a more recent study (Botanga and Timko 2005) , we showed that germination might not be the major factor defining parasite success on host and nonhost species; rather, postattachment development of the parasite is critical. Four types of interactions are observed when S. gesnerioides attempts to parasitize a potential leguminous host plant. When an adapted strain of S. gesnerioides comes into contact with a compatible host species, such as SG1 on the susceptible cowpea cultivar Tvx3236, the parasite attaches to the host root, develops a tubercle, expands its cotyledons, and completes its lifecycle. In contrast, when SG1 confronts a resistant host species, such as Suvita-1, containing an active race-specific resistance gene, SG1 elicits a hypersensitive response in the host root, its postattachment development is immediately arrested, and it quickly dies. On some cultivars, such as B301, SG1 does not elicit a hypersensitive response, but instead begins to form a tubercle. However, shortly after attachment, tubercle development is arrested and the parasite either fails to thrive (remains stunted) or dies. This is either the result of a failure to turn on appropriate developmental signals or is a response to inhibitory influences imparted by the host. Similarly, when some Striga isolates attempt parasitism on nonhost species, as in the case of SG4i on the resistant cowpea, tubercle formation is initiated, but most often fails after an early period of development (Botanga 2005) . As one would expect, different mechanisms of resistance are operational in different cowpea genotypes exposed to different S. gesnerioides isolates. It would be interesting to know the molecular basis and factors that determine these mechanisms.
